Adenovirus is a nuclear replicating DNA virus reliant on host RNA processing machinery. 36
sites of m 6 A modification at single-base resolution within full-length RNA by direct RNA 116 sequencing and used this technique to predict m 6 A specific to transcript isoforms. While we 117 found that both viral early and late genes are marked by m 6 A, expression of viral late RNAs in 118 particular decreased dramatically with loss of the cellular m 6 A writer METTL3. This late gene-119 biased effect was primarily mediated by decreased RNA splicing efficiency in the absence of 120 METTL3, and could be extended to all of the multiply spliced adenovirus late RNAs. Overall, 121 these results highlight a new technological advancement in long-read RNA sequencing, and 122 reveal that m 6 A influences the splicing and expression from a viral pathogen. 123 124 Results 125
Nuclear m 6 A-interacting factors concentrate at viral RNA during adenovirus infection 126
While it is known that adenovirus RNA transcripts contain m 6 A, the impact of infection on 127 cellular components involved in writing, reading, or erasing m 6 A is unknown. The majority of 128 m 6 A on messenger RNA is installed co-transcriptionally in the nucleus, where adenovirus 129 replicates, by a writer complex composed minimally of METTL3, METTL14, and WTAP [13] [14] [15] . To 130 examine whether m 6 A-interacting enzymes are altered during adenovirus infection, we 131 performed immunoblot analysis over a time-course of infection with adenovirus serotype 5 (Ad5) 132 in A549 lung adenocarcinoma cells (Figure 1a) . Over the course of infection, levels of the 133 assayed writers (METTL3, METTL14, and WTAP) and readers (YTHDC1, YTHDF1, and 134 YTHDF2) remain unchanged. There was a modest increase in levels of both purported erasers, 135 FTO and ALKBH5, including the appearance of a faster migrating band detected with the 136 ALKBH5 antibody. 137
Adenovirus is known to recruit specific cellular factors to viral replication centers or 138 mislocalize antiviral cellular factors 57 . To determine if localization of m 6 A-interacting factors were 139 similarly altered, we performed indirect immunofluorescence microscopy to localize cellular 140 proteins, as well including an antibody against the viral DNA binding protein (DBP) to demarcate 141 viral replication centers (Figure 1b) . When comparing mock-infected A549 cells to cells infected 142 with Ad5 for 18 hours, we observed that METTL3, METTL14, WTAP, and YTHDC1 relocalized 143 from their diffuse nuclear pattern into ring-like structures surrounding the sites of viral DNA 144 replication marked by DBP. These structures have been previously characterized as sites of 145 viral RNA transcription 58 , and was consistent with staining for phospho-serine 2 on the RNA Pol 146 II C-terminal domain, a marker of actively transcribing polymerase (Figure 1c) . The localization 147 of cytoplasmic readers (YTHDF1, YTHDF2) and demethylases (ALKBH5 and FTO) was mostly 148 unchanged. These data highlight that while adenovirus does not significantly alter expression 149 levels of known m 6 A writing enzymes, these nuclear proteins are concentrated at sites of viral 150 RNA synthesis during infection. 151 152
Adenovirus transcripts contain METTL3-dependent m 6 A modifications 153
While it is known that adenovirus RNAs contain m 6 A, it is not known exactly where these 154 marks are located or whether adenovirus infection affects m 6 A localization within host 155 transcripts 2,3 . To address these questions, we performed meRIP-seq on poly(A)-selected RNA 156 from A549 cells that were mock-infected or infected with Ad5 for 24 hours. Strand-specific 157 sequencing was performed on fragmented RNA immunoprecipitated (IP) with an anti-m 6 A 158 antibody, as well as on total input RNA. We used the MACS2 algorithm to call peaks in IP over 159 input reads for both viral and cellular transcriptomes across three biological replicates ( Figure  160 2a). HOMER motif analysis revealed the characteristic DRACH signature (Where D=A/G/U, 161 R=A/G, and H=A/U/C) as the highest ranked motif in cellular m 6 A peaks in both mock and 162 infected conditions, indicating that the immunoprecipitation was successful and that use of the 163 canonical m 6 A motif was unperturbed by infection (Figure 2b) . Furthermore, the general 164 location of m 6 A peaks in cellular transcripts was unchanged during infection and showed the 165 characteristic stop codon/3'UTR bias in mRNA metagene plots (Figure 2c) . We next focused on 166 m 6 A addition to viral transcripts and identified 19 peaks in the forward transcripts and 6 in the 167 reverse transcripts (Figure 2a ). While these peaks covered every viral kinetic class and 168 transcriptional unit produced by the virus, the MACS2-generated peak areas were very broad, 169
and it was impossible to identify which of many overlapping viral transcripts were m 6 A 170 methylated. 171
We next asked whether viral RNAs were m 6 A-methylated by cellular enzyme METTL3. 172
To achieve this, METTL3 was knocked down by siRNA prior to Ad5 infection of A549 cells and 173 meRIP followed by qRT-PCR of total RNA was performed at 24 hours post-infection (Figure 2d , 174 2e). Our results demonstrate that the amount of m 6 A-marked RNA available for 175 immunoprecipitation of both the early viral transcript DBP, late viral RNAs generated from the 176 Major Late Promoter (MLP), as well as the positive control cellular transcript MALAT1, were all 177 reduced after knockdown of METTL3. These data indicate that viral early and late transcriptional 178 units contain m 6 A, and that this modification is added by the cellular writer complex that includes 179 METTL3. However, the exact location of the m 6 A mark could not be assessed by this approach. 180
181

A statistical framework predicts sites of m 6 A methylation using direct RNA sequencing 182
To address shortcomings of short read-based m 6 A-sequencing platforms, we sought a 183 technique that would provide both single nucleotide resolution as well as long read length to 184 allow for unambiguous assignment of m 6 A sites to specific adenovirus mature transcripts. 185 Nanopore sequencing has been used to call DNA modifications directly using differences 186 between measured and expected current values as nucleotides travel through the pore 53 . It is 187 established that signal deviations during direct RNA sequencing can result from the presence of 188 one or more base modifications, and that this leads to an increase in base-call error rate around 189 the modified base 54,59 . The likelihood of a given nucleotide being modified (i.e. carrying an m 6 A 190 mark) can be assessed by a 2x5 contingency table to examine the distribution of base-calls 191 between two datasets (e.g. m 6 A positive and m 6 A negative) at a given genome position, as was 192 recently suggested 60 . Here, a G-test on the distribution of A, C, G, U, and indels provides a 193 score and p-value that requires subsequent (Bonferroni) correction for multiple testing (Supp 194 Figure 1a ). Expanded methodology and detailed statistical testing are described in the 195
methods. 196
To produce m 6 A positive and negative datasets, we generated METTL3 knockout A549 197 cells using CRISPR-Cas9 and a strategy that included regulated expression of a nuclease-198 insensitive transgene (Figure 2f ). We performed direct RNA sequencing using two biological 199 replicates each of RNA collected from parental wild-type A549 cells (WT) and METTL3 200 knockout A549 cells (M3KO), each infected with Ad5 for 24 hours (Figure 3a) . Since the 201 datasets are unlinked, each METTL3 KO dataset was compared to each WT parental dataset, 202 yielding four distinct comparisons (Supp Figure 1b) . Each comparison yielded between 335-203 452 candidate sites with significant G-test statistics. To account for only the positions at which 204 the base error rate was greater in the WT (m 6 A positive) dataset, we filtered for a one-fold or 205 greater increase in the ratio of mismatch:match base-calls compared to the M3KO (m 6 A 206 negative) dataset. This reduced the number of putative sites to 191-217 (Supp Figure 1b) . 207
Reasoning that multiple sites proximal to a single m 6 A modification could show significant 208 differences (adjusted p<0.01 in error rate), we next calculated the distance between each 209 candidate site and its nearest neighbor candidate in a strand-specific manner (Supp Figure 1c) . 210
We determined that the majority of candidate sites had at least one neighboring m 6 A candidate 211 site within five nucleotides, so we implemented an additional filtering strategy to mask all but 212 one candidate site within five nucleotides of a given AC motif (Figure 3b ), retaining only a single 213 candidate site with the highest G-test statistic. We subsequently plotted the distance (number of 214 nucleotides) from the identified base to the nearest upstream or downstream AC motif (the 215 minimal possible m 6 A motif). Most significant candidate sites filtered for mismatch:match rates 216 (94.2-99%) were located within five nucleotides of an AC motif (Figure 3c) , the maximum 217 distance at which a modified base is thought to affect basecall error 59 . Masking reduced this 218 fraction slightly (92.7-98.9%, Figure 3c ) and yielded 89-111 distinct predicted m 6 A sites, of 219 which 53 were conserved across all four dataset comparisons (Figure 3d , highlighted by dark 220 blue line in Figure 2a ). The majority (83.1%) of these 53 sites mapped directly to adenines in 221 AC motifs, with the remainder mapping within four nucleotides (Figure 3c) . When random non-222 candidate nucleotides were selected from our dataset we found that the distance to the nearest 223 AC motif was much greater than for m 6 A-candidate sites, indicating that this was not due to 224 random chance (Supp Figure 1d) . We subsequently extracted the ten base sequence centered 225 on a candidate m 6 A site and generated a sequence logo (DRAC, Figure 3e ) that closely 226 matched the m 6 A DRACH logo that we confirmed for m 6 A modifications in the human genome. 227
Concordance between the predicted m 6 A sites and the previously established motif supports the 228 validity of this unbiased mapping approach. 229 230
Exome versus isoform-level m 6 A analysis 231
After identifying putative m 6 A-modified bases within the viral RNA exome using direct 232 RNA-seq, we extended our approach to transcript isoform-level analysis. Here, we aligned our 233 nanopore sequencing reads against 75 distinct transcripts derived from the recently re-234 annotated adenovirus Ad5 genome and observed that the aligner (MiniMap2 61 ) produced 235 secondary alignments for many reads and supplementary alignments for a smaller subset of 236 reads (Supp Figure 1e ). Secondary alignments indicate that a region of a given sequence read 237 aligns with high confidence against two or more distinct transcripts while supplementary 238 alignments indicate potentially chimeric reads where two segments of the same read align to 239 separate overlapping transcripts (Figure 4a) . Given the possibility that overlapping transcript 240 isoforms may share the same NNACN motifs but still undergo differential methylation, we 241 reasoned that reads with multiple alignments could reduce sensitivity of detection. We thus 242 retained only reads that produced unique alignments with mapping qualities >0 and had no 243 insertions greater than 20 nucleotides, with the latter requirement intended to exclude reads 244 from incompletely spliced RNAs. While this approach discarded 63-69% of our sequence reads 245 (Figure 4c ). This represents a four-fold increase when compared to the 251 equivalent exome-level analysis, demonstrating the greater sensitivity of the isoform-level 252 approach. Furthermore, this strategy allowed us to detect transcripts that had unique m 6 A sites, 253 even compared to overlapping transcripts that shared the same potential DRACH motifs ( Figure  254 4d). Overall, these data highlight a novel technique that reveals m 6 A marks at both single 255 nucleotide and isoform-specific levels, greatly improving our ability to map m 6 A modifications 256 across complex viral transcriptomes. 257 258
Loss of METTL3 and m 6 A methylation differentially impacts late viral gene expression 259
Since both viral early and late genes are marked by METTL3-dependent m 6 A, we asked 260 what role this mark might play in the viral infectious cycle. As reported by others, siRNA-261 mediated knockdown of METTL3 results in a concomitant loss of METTL14, and vice versa 14 . 262
Upon knockdown of either METTL3 or METTL14, we observed reductions of viral late proteins 263
Hexon, Penton, and Fiber. In contrast, the viral early protein DBP was largely unaffected 264 (Figure 5a) , even though the DBP transcript is also marked by m 6 A (Figure 2a ). When we 265 assessed viral genome amplification by qPCR, we detected only a minimal change after 266 knockdown of METTL3 or METTL14 (Figure 5b) , indicating m 6 A is not required for early stage 267 adenovirus infection. This contrasts with robust decreases in the number of infectious particles 268 in lysates derived from infected cells knocked down for either METTL3 or METTL14, as 269 measured by plaque assay (Figure 5c ). Consistent with these findings, when we used reverse 270 transcription coupled with quantitative PCR (qRT-PCR) to measure total viral mRNA levels over 271 a time course of infection (Figure 5d ), we observed that early viral genes were only modestly 272 (less than two-fold or not significantly) decreased by METTL3 knockdown, whereas viral late 273 genes were significantly reduced (sometimes greater than 10-fold). To corroborate these 274 findings from siRNA-mediated knockdown, we also assayed specific stages of the viral 275 infectious cycle in METTL3 KO A549 cells. Two independently generated CRISPR-mediated 276 knockout cells were infected with Ad5 for 24 hours and assayed for viral early and late genes by Additionally, blocking the interferon pathway with JAK inhibition did not alter the specific 304 decrease in viral late gene transcripts with METTL3 depletion previously described (Figure 6b) . 305
Overall these data suggest a specific role for m 6 A in altering accumulation of late adenoviral 306 RNA transcripts at late stages of the adenoviral infectious cycle, independent of innate immune 307 activation, in the cell types we used. 308
309
Cytoplasmic readers and m 6 A erasers do not affect the adenoviral infectious cycle 310
Since we found that loss of the m 6 A writer METTL3 resulted in decreases in viral late 311 gene transcripts and proteins, we next examined whether loss of m 6 A erasers led to increases 312 in viral protein production. We used siRNA to knockdown either ALKBH5 or FTO in A549 cells 313 and performed a time-course infection with Ad5. There was no defect in either viral early 314 proteins or late proteins with either ALKBH5 or FTO knockdown (Supp Figure 3a) . 315
Furthermore, when assaying viral DNA replication by qPCR or infectious particle production by 316 plaque forming units after knockdown of the two erasers, we saw less than 3-fold or non-317 significant changes (Supp Figure 3b ,c). Using siRNA in A549 cells, we were able to knock 318 down the cytoplasmic m 6 A reader proteins YTHDF1-3 efficiently (Supp Figure 3d ) but did not 319 observe changes in viral protein production (Supp Figure 3e) . These results highlight that 320 whatever amount of m 6 A deposition is necessary for adenoviral function, removal of ALKBH5 321 and FTO does not increase m 6 A beyond necessary levels. 322 323
Splicing efficiency of late viral RNA is mediated by m 6 A 324
We investigated various mechanisms to explain the differential impact of m 6 A on early 325
and late viral RNAs. To rule out the role of transcription in masking effects of this post-326 transcriptional modification, we examined early and late promoter activity by profiling nascent 327
RNA transcription with a 4-thiouridine (4sU) labeling approach 63 . After 24 hour infection of A549 328 cells with Ad5 following knockdown of METTL3, nascent RNA was labeled with 4sU for the last 329 ten minutes of infection. Total RNA was harvested, nascent RNA conjugated with biotin, and 330 precipitated for analysis by qRT-PCR with primers to viral transcripts. We examined unspliced 331 regions of viral RNA near the early E1A and E4 regions, as well as within the tripartite leader of 332 the Major Late Promoter (MLP) that precedes nearly all adenovirus late genes. While relative 333 transcription of the E1A promoter was increased two-fold after METTL3 knockdown, a separate 334 early promoter (E4), and the viral late promoter itself showed no significant change (Figure 7a) . 335
Furthermore, by comparing 4sU-labeled nascent RNA to total RNA, we observed no significant 336 change in the RNA decay rate of spliced viral early and late genes after METTL3 knockdown 337 (Figure 7b) . These data imply that adenoviral infections reach the late stage of the viral 338 infectious cycle in cells lacking METTL3, yet still accumulate fewer late viral RNAs. 339
Besides transcription from the MLP, which is dependent on viral DNA replication, the 340 other major difference between early and late viral transcripts is the sheer number of alternative 341 splicing and polyadenylation events that must take place to generate mature mRNAs. While 342 most early transcripts contain only one splice junction and no more than two potential poly(A) 343 sites, the major late transcriptional unit has over 25 splice acceptors and 5 major sites of 344 polyadenylation, leading to over 20 functional open reading frames. Mounting evidence 345 suggests that m 6 A and the nuclear reader YTHDC1 can regulate mRNA splicing 7,37 . We used 346
qRT-PCR to measure spliced and unspliced viral RNAs and determined the splicing efficiency of 347 a particular transcript as a ratio of these two products (Figure 7c) . We examined the m 6 A- This decreased splicing efficiency appears to explain the total RNA decrease in viral late genes 356 as well as the decrease in protein expression, since both METTL3 and WTAP knockdown lead 357 to significant losses in viral late gene proteins (Figure 7g) . A similar result was observed with 358 knockdown of YTHDC1, although to a much lesser degree. 359
To assay the role of m 6 A in cis on viral transcript splicing we turned to a transgene 360 splicing assay in which we can ablate m 6 A sites (Figure 7h ). In this system, we generated a 361 construct with an exogenous plasmid-based promoter to drive expression of an RNA containing 362 the splice donor exon of the viral late tripartite leader, as much intervening Fiber intron as 363 possible without including additional viral genes or splice sites, and the 5' region of Fiber that 364 encompasses the meRIP-seq peak. This viral cassette was fused to a Renilla luciferase gene in 365 which all m 6 A DRACH motifs were silently mutated 34 . These constructs allow transgene 366 expression with wild-type viral context (WT Fiber), or with all 15 DRACH sites present in both 367 exonic and intronic regions silently mutated to ablate deposition of METTL3-dependent m 6 A 368 (m 6 A Mut Fiber, mutations shown below in Figure 7h ). Potential intronic sites were also ablated, 369 since both meRIP-seq and direct RNA sequencing were performed on polyadenylated mRNA 370 and would not have detected potential m 6 A sites within introns. HeLa cells were depleted of 371 METTL3 with siRNA for 48 hours before the respective transgene plasmids were transfected 372 into uninfected cells and incubated for a further 24 hours. Using this system, splicing efficiency 373 is read out with qRT-PCR using the primers for endogenous Fiber splicing. Upon knockdown of 374 METTL3, the WT Fiber construct showed a decrease in splicing efficiency (Figure 7i ), similar to 375 that observed during viral infection (Figure 7d) . Importantly, m 6 A Mut Fiber showed a similar 376 decrease in splicing efficiency when compared to the WT Fiber construct during control siRNA 377 knockdown, and had no further decrease upon METTL3 knockdown (Figure 7i) . Overall, these 378 data suggest m 6 A positively regulates the splicing reaction of viral late transcripts. 379 380
METTL3 knockdown globally dysregulates adenoviral late RNA processing 381
To determine if m 6 A positively regulates the splicing of all late transcripts, we returned to 382 two orthologous sequencing technologies, short-read sequencing and long-read direct RNA 383 sequencing. Due to the limitations of short-read mapping to viral genomes with overlapping 384 transcripts, standard expression algorithms such as mapped fragments per kilobase transcript 385 per million base pairs (FPKM) cannot be used to quantify these viral transcripts accurately. 386
Instead, we focused exclusively on the short reads that contained splice junctions, allowing 387 unambiguous assignment to one viral transcript. Since our RNA-seq library preparation was 388 strand-specific, this allowed us to map reads accurately to their strand of origin. Furthermore, 389
we were able to address intron retention of the late transcriptional unit by counting only 390 unspliced reads overlapping the major splice donor in the third exon of the tripartite leader 391 (intron retention, IR). This strategy is schematized for top-strand viral genes (Figure 8a) . When 392 we applied this technique to adenovirus-infected A549 cells after METTL3 knockdown, we 393 observed that the prevalence of early gene splice junctions was largely unchanged (Figure 8b) . 394
Of these, E1B-19K appears to be an outlier, since the prevalence of this particular splice 395 junction increases as the virus moves into the late stage, and a potential ORF of this transcript 396 encodes for protein IX, an alternate promoter-driven adenovirus late gene. When we performed 397 this analysis on late gene splice sites, we observed that every late gene originating from the 398 major late promoter was significantly decreased, and that intron retention in this transcriptional 399 unit was increased, consistent with our previous results. The only exception we detected was 400 the first possible alternative splice junction encoding L1-52K, which was unchanged. 401
While short reads targeting splice junctions provided high depth quantitative results, we 402 turned to long-read sequencing with unambiguous transcript mapping as an orthogonal 403 technique to validate these results. We counted full-length RNA transcripts after infection of 404 METTL3 knockdown A549 cells normalized to the read depth of the experiment (Figure 8c) . 405
Confirming the short-read sequencing data, we saw that early transcripts were essentially 406 unaffected by loss of METTL3, while the overall abundance of every viral late transcript, except 407 L1-52K, was decreased. Overall, these data highlight that METTL3 promotes the expression 408 and splicing efficiency of the alternatively spliced viral late transcriptional unit. 409 410 Discussion 411
In this work we have identified sites of m 6 A methylation in both cellular and viral 412 transcripts during infection with adenovirus. Using a conventional antibody-based approach to 413 detect m 6 A, we discovered that both viral early and late kinetic classes of mRNA were modified. 414
To identify m 6 A within overlapping viral transcripts, we devised a technique to predict METTL3-415 dependent methylation sites in full-length RNAs using direct RNA sequencing. This technique 416 identified specific m 6 A sites at nucleotide resolution within m 6 A-enriched regions, and revealed 417 adenovirus RNA isoform-dependent sites of methylation. Ultimately, we found that m 6 A addition 418 in the alternatively spliced viral late transcripts was important for mediating the efficiency of 419 splicing and accumulation of these messages leading to productive infection. Taken together, 420 this work demonstrates m 6 A-mediated control over the splicing of viral transcripts. 421
We also defined a new method for isoform-specific m 6 A detection within complex 422
transcriptomes. Compared to conventional antibody-based approaches, direct detection of m 6 A 423 modification in RNA provides many advantages. Focusing on adenovirus RNAs, we show that 424 our technique is highly reproducible between biological replicates with a very low false-positive 425 rate (here defined as candidates that did not map within five nucleotides of an AC dinucleotide). 426
In fact, after candidate site masking, greater than 80% of all sites mapped directly to the 427 adenine within an AC dinucleotide, with the rest often mapping within four nucleotides. This is 428 consistent with the fact that nanopores read RNA in a five nucleotide window 59 . While we 429 demonstrate this method by assaying for METTL3-dependent m 6 A modifications, theoretically 430 this technique could work for other RNA modifications where the writing enzyme is known, such 431 as methyl-5-cytosine and pseudouridine 44, 45 . Compared to other single-nucleotide resolution 432 approaches to m 6 A detection 48-50 , direct RNA sequencing avoids the known biases associated 433 with antibody targeting 51 and cDNA synthesis 42,49 and, unlike endoribonuclease cutting 50 , is not 434 specific to a small subset of methylated motifs. Currently, our technique works best with 435 samples of high read-depth, and is thus ideally suited to the study of viruses that take over the 436 RNA processing of their host cell. However, with improvements in nanopore sequencing 437 technologies such as the PromethION which can yield much higher read depth, this technique 438
should be scalable to the study of cellular transcripts as well. 439
The lack of long-read assays to map m 6 A methylation has hampered the identification of 440 transcript isoform-specific modifications. While our method still does not enable single molecule 441 resolution, the ability to aggregate similar isoforms in bulk using the long reads produced 442 through direct RNA sequencing allows for isoform-level prediction of m 6 A sites. Indeed, we 443 demonstrate that isoform-level identification was more sensitive for the detection of potential 444 m 6 A sites in adenovirus mRNA than the aggregate exome-level data by as much as four-fold. While the influence of m 6 A on splicing has been widely reported in both viral and cellular 451 contexts 7,8,37,64 , this finding has not been without controversy 65 . One study in particular showed 452 that while m 6 A can be detected in nascent pre-mRNA, these locations do not change upon RNA 453 maturation and nuclear export 15 . Furthermore, knockout of METTL3 in mouse embryonic stem 454 cells led to no detectable change in cassette exon splicing 15 . In general, our findings agree with 455 this as we do not see the global loss of any particular viral splicing event in the absence of 456 METTL3, only a decrease in total amount of spliced transcripts. However, we did find that m 6 A 457 modifications present in adenoviral late transcripts increase the splicing efficiency of these 458
RNAs. This result is consistent with the results of others that have found that the presence of 459 m 6 A near splice sites correlates with the rate and efficiency of splicing when studied in a time-460 resolved fashion in nascent RNA 66 . Furthermore, it is known that unspliced cellular RNAs 461 resident in the nucleus can be targeted for decay by the nuclear exosome 67,68 . Therefore, our 462 hypothesis is that efficient splicing requires m 6 A and leads to the accumulation of mature 463 mRNAs that would otherwise be destroyed. 464
The m 6 A modification has also been implicated in the regulation of alternative 465 polyadenylation 47,64 . While the majority of the adenovirus early transcripts that were insensitive 466 to METTL3 knockdown contain only one cleavage and polyadenylation site, the adenovirus late 467 transcriptional unit contains five poly(A) sites, and usage must be regulated to be able to splice 468 the downstream isoforms. It is intriguing to note that transcripts generated from the L1 region 469 upstream of the first polyadenylation site were the viral late transcripts least affected by 470 METTL3 knockdown. While our quantitative PCR reaction to test the splicing efficiency of the L5 471 region cannot fully rule out the possibility of fewer transcripts reaching this region due to altered 472 poly(A) cleavage, our splicing reporter transgene assay that does not contain upstream poly(A) 473 sites argues against this hypothesis. Splicing and polyadenylation are thought to happen co-474 transcriptionally 69 , and any effect that m 6 A might have on coordinating these processes remains 475
an interesting topic for future study. 476
In summary, we discovered that while both early and late adenoviral genes are marked 477 by m 6 A, we only detected a loss of expression within late genes after depletion of METTL3. This 478 was because m 6 A increased the efficiency of splicing within adenovirus late transcriptional units, 479
where a plethora of potential splice sites leads to an abundance of alternative splice isoforms. DNA fragment was cloned into this site encoding the third exon of the Ad5 late gene unit 517 (nucleotides 9,644 to 9,733), all intervening intron that did not contain other Ad5 genes or splice 518 sites (nucleotides 9,733 to 10,631 and 30,867 to 31,042), and the first 482 nucleotides of the 519 Fiber exon and ORF (31,042 to 31,524) such that the Fiber ORF would continue in frame to the 520 Renilla luciferase ORF (WT Fiber). Alternatively, the same fragment but with all 15 DRACH 521 motifs silently mutated was used to generate m 6 A Mut Fiber. Both fragments were excised from 522 plasmids created as a PriorityGENE service from GeneWiz from provided sequences. All DNA 523 oligos can be found in Table 1 . DNA transfections were performed using the standard protocol 524 for Lipofectamine2000 (Invitrogen). 525
The following siRNA pools were obtained from Dharmacon: non-targeting control (D- Lipofectamine RNAiMAX (Invitrogen). Poly(I:C) was provided pre-complexed with transfection 532 reagent (Invivogen tlrl-piclv), and was reconstituted fresh with molecular grade water before 533 added to cells at a concentration of 500 ng/mL. 534
535
METTL3 Knockout 536
Since METTL3 has previously been reported to be an essential gene, a rescue cell line 537 was pre-constructed that contained a CRISPR-insensitive METTL3 transgene under a 538 tetracycline-inducible promoter. In brief, the 2X-Flag Tagged METTL3 transgene 32 was cloned 539 from pEFTak into the BB726 70 entry vector and the NGG Cas9 PAM site at nucleotide position 540
(G to C) was silently mutated via the Stratagene QuickChange Site-Directed Mutagenesis 541
protocol (primer sequence in Table 1 ). This plasmid was then co-transfected into A549 HiLo 542 cells with a transiently expressed Cre Recombinase before being selected by puromycin 70 . This 543 allows integration of METTL3 into a conserved tetracycline-regulated genomic locus, and 544 expression was tested both by immunoblot and immunofluorescence for selection efficiency. 545 GFP-Cas9 expressing plasmid pX330 71 was constructed to contain the single guide RNA 546 (Table 1) For immunofluorescence A549 cells were grown on glass coverslips in 24-well plates, 606 mock-infected or infected with Ad5 for 18 hours, washed twice with PBS and then fixed in 4% 607 w/v Paraformaldehyde for 15 minutes. Cells were permeabilized with 0.5% v/v Triton-X in PBS 608 for 10 mins, and blocked in 3% w/v BSA in PBS (+ 0.05% w/v sodium azide) for one hour. 609
Primary antibody dilutions were added to coverslips in 3% w/v BSA in PBS (+ 0.05% w/v 610 sodium azide) for 1 h, washed with 3% BSA in PBS three times, followed by secondary 611 antibodies and 4,6-diamidino-2-phenylindole (DAPI) for one hour. Secondary antibodies were 612
Alexa-Fluor 488, 555, or 568 in anti-mouse or anti-rabbit (Invitrogen). Coverslips were mounted 613 onto glass slides using ProLong Gold Antifade Reagent (Cell Signaling Technologies). 614
Immunofluorescence was visualized using a Zeiss LSM 710 Confocal microscope (Cell and 615
Developmental Microscopy Core at UPenn) and ZEN 2011 software. Images were processed in 616 
RNA Isolation and qPCR 626
Total RNA was isolated from cells by either TRIzol extraction (Thermo Fisher) or 627
RNeasy Micro kit (Qiagen), following manufacturer protocols. RNA was treated with RNase-free 628
DNase I (Qiagen), either on-column or after ethanol precipitation. RNA was converted to 629 complementary DNA (cDNA) using 1 μg of input RNA in the High Capcity RNA-to-cDNA kit 630 (Thermo Fisher). Quantitative PCR was performed using the standard protocol for SYBR Green 631 reagents (Thermo Fisher) in a QuantStudio 7 Flex Real-Time PCR System (Applied 632 Biosystems). All primers were used at 10 μM and sequences can be found in Table 1 . All values 633
were normalized by the Ct method by normalizing first to internal controls such as HPRT1 634 and GAPDH. 635 636
Viral DNA Replication qPCR 637
Infected cells were harvested at the indicated time points post infection by trypsin and 638 total DNA was harvested using the PureLink Genomic DNA kit (Invitrogen). DNA quantity was 639 assessed by qPCR and SYBR green reagents using primers for genomic regions of Ad5 and 640 normalized to cellular tubulin (See Table 1 for primer sequence). Entry of the viral genome was 641 assessed at the 4 hour infection time point, and all subsequent values were normalized to this 642 by the Ct method. 643 644
Plaque Assays 645
Infected cells seeded in 12-well plates were harvested by scraping at the indicated time 646 points and lysed by three cycles of freeze-thawing in liquid nitrogen. Cell debris was removed 647 from lysates by centrifugation at max speed (21,130 g), 4°C, 5 min. Lysates were serially diluted 648 in DMEM supplemented with 2% v/v FBS and 1% v/v Pen/Strep to infect a confluent monolayer 649 of HEK293 cells seeded in 12-well plates. After incubation for 2 h at 37 °C, the infection media 650 was removed, and cells were overlaid with DMEM containing 0.45% w/v SeaPlaque agarose 651 2,000,000 reads per dataset. Raw fast5 datasets were then basecalled using Guppy v3.2.2 (-f 690 FLO-MIN106 -k SQK-RNA002) with only reads in the pass folder used for subsequent analyses. 691
Sequence reads were aligned against the adenovirus Ad5 genome, using MiniMap2 (-ax splice -692 k14 -uf --secondary=no), a splice aware aligner 61 , with subsequent parsing through SAMtools 80 693 and BEDtools 81 . Here sequence reads were filtered to retain only primary alignments (SAM 694 FLAG 0 (top strand) or 16 (bottom strand)). Coverage plots (Figure 2 and 4) were generated 695 using the R packages Gviz 82 and GenomicRanges 83 . For isoform-level analysis, sequence 696 reads were aligned against an adenovirus Ad5 transcriptome, derived from the latest 697 annotation, using MiniMap2. Subsequent parsing with SAMtools was used to filter out sequence 698 reads that could not be unambiguously assigned to a single transcript. Here, only primary 699 alignments (SAM flag 0) with mapping qualities (MapQ) > 0 were retained. in one or both datasets being compared were excluded from this analysis. To further filter the 709 dataset following the G-test, we calculated the ratio of match:mismatch fractions at each 710 position. Candidate sites were those that gave a statistically significant G-test result (bonferroni 711 adjusted p < 0.01) and had a one-fold or higher reduction in the match:mismatch fraction in the 712 WT dataset compared to the METTL3 knockout dataset. Subsequent masking was performed 713 by collapsing all sites located within five nucleotides of the same NNACN motif into a single 714 representative, chosen by picking the site with highest G-test score. Where sites were located 715 within ten nucleotides of each other, but further than five nucleotides from an NNACN motif, performed in triplicate on Ad5-infected A549 cells at 24 hpi. Representative meRIP data 777
(blue/red) and total input RNA (light blue/yellow) sequence coverage is plotted against the 778 adenovirus genome. Peaks containing increased meRIP-seq signal over input were called with 779 MACS2 and denoted by blue boxes. Using direct RNA (dRNA) sequencing, full-length RNAs 780 were sequenced from A549 parental cells or METTL3 knockout cells infected with adenovirus 781 for 24 hours. Specific m 6 A sites were predicted by comparing the nucleotide error rate of dRNA 782 sequence data from WT to KO cells. Indicated in purple vertical lines are individual adenosines 783 predicted to be modified by m 6 A that reach statistical significance when applied to all RNA that 784 maps to a single nucleotide of the Ad genome (dRNA Exome). All Ad5-mapping transcripts were 785
binned into unique full-length reads spanning entire transcript isoform and the same m 6 A 786
prediction was applied on a transcript-by-transcript basis. Magenta vertical lines indicate 787 predicted m 6 A residues found on the transcriptome level (dRNA Isoform). Additionally, the 788 position of m 6 A present in each viral transcript is highlighted in magenta directly on the transcript Schematic diagram of proposed strategy to detect m 6 A sites using direct RNA sequencing. 803
RNAs generated in WT cells (METTL3 positive) will contain m 6 A modifications, while RNA from 804
METTL3 KO cells (M3KO) will not. As modified RNA passes through the pore there will be a 805
higher in the Ad5 transcriptome is predominantly comprised of five common DRACH motifs. 817 was analyzed by labeling RNA with 1 mM 4-thiouridine (4sU) for exactly ten minutes at 24 hpi 922 for infections of A549 cells transfected with control (siCTRL) or siRNA-mediated knockdown of 923 METTL3 (siMETTL3). Nascent 4sU-labeled RNA was extracted for use in qRT-PCR for analysis 924 of relative transcription rates of two viral early genes (E1A and E4) and the tripartite leader Schematic design for a luciferase construct that expresses the third adenovirus tripartite leader 939
to Fiber splice site with intervening L1 and L5 adenoviral intron. The 5' fragment of Fiber that 940 contains the m 6 A signal peak was fused in-frame to a Renilla luciferase transgene where all 941 m 6 A DRACH motifs have been ablated by silent mutation. A matching construct was generated 942
with all 15 potential m 6 A DRACH motifs ablated by silent or synonymous mutation (m 6 A Mut Schematic showing how junction-containing splice reads generated by Illumina sequencing can 952 be used to predict specific transcript abundances when genes overlap. Short reads (dark blue) 953
aligning specifically to viral exons (black) were filtered for the presence of a splice junction 954
(dashed light blue line) that was only present in one viral transcript. 
